I. Introduction
The present work is part of a series of microwave studies of structures of heterocyclic five-membered rings [1] . Imidazole, NH-CH=N-CH=CH, is perhaps a specially interesting member of this family on account of the occurrence of its ring in biological structures. Knowledge of the gas-phase structure of imidazole is also desirable for comparison with results of studies of this molecule in the crystalline or dissolved states, in which, as in pyrazole [2] , intermolecular hydrogen bonding can considerably modify the structure and indeed produce for some purposes a "pseudo-equivalence" of the two nitrogen positions, which microwave studies of both these substances show to be absent in the vapour.
A brief preliminary account of early stages of these studies has been given [1] ,
II. Experimental
Imidazole (Koch-Light) was recrystallized from benzene and, as in the case of all samples, sublimed in vacuum before use. Spectra of all the mono- 13 Cimidazoles were measured in their natural concentrations. Samples containing some 20% of each of the mono- 15 N-imidazoles were made by condensation [3] of ammonia (30 atom% 15 N) with glyoxal and formaldehyde. Deuterated imidazoles were made by exchange with D2O under various conditions; 1-deuteroimidazole was prepared in high yield by exchange at room temperature; about a 90% yield of 1,2-dideuteroimidazole was made following published procedures [4] by treating imidazole wdth NaOD in D2O at 60 °C; a mixture of 4-deutero-, 5-deutero-, and 4.5-dideuteroimidazole was obtained by heating imidazole with D2O in a bomb at 250 °C for 4 hours, the 1-and 2-positions being finally reprotonated by treatment w r ith H 2 0**.
Spectra were measured with a conventional spectrometer with 100 kHz Stark-effect modulation. Free-running klystrons -were used as sources, w r ith oscilloscope display of spectra, except w r here nuclear hyperfine structures were analysed, where the sources were phase-locked and spectra recorded with slow sweeping. The low volatility of imidazole called for special sample-handling routines. Early measurements were made with the temperature of ** A sample of 2-deuteroimidazole was kindly provided by Professor J. H. Ridd. 0340-4811 / 81 / 1200-1378 $ 01.00/0. -Please order a reprint rather than making your own copy. the sample and cell raised somewhat above room temperature. Better spectra, with less background of ammonia lines, were later obtained with celltemperatures near 20 °C and use of a flowed sample, although for each isotopic form a considerable time w r as needed to "saturate" the cell with the species concerned. The measured frequencies are believed accurate to ±0.1 MHz.
Many of the lines showed nuclear quadrupole hyperfine structure, the analysis of which (Sect. IV below) was taken into account in the listing of the unperturbed transition frequencies. When only the strongest component of the hyperfine pattern could be accurately measured, appropriate corrections were applied.
III. Analysis of Rotational and Centrifugal Distortion Constants
As in other cases of molecules close to the oblate symmetric-top limit, the spectral details varied in large and internally consistent ways with isotopic substitution. The large isotopic rotations of principal axes lead to corresponding changes in dipole components and quadrupole coupling constants. In particular, this behaviour prevents the preferred procedure of selecting equivalent transitions of every species to derive constants for structure calculations. The data used in such calculations, however, were selected as consistently as possible. Table 1 summarizes the numbers of measured lines used in the analysis, for each isotopic species, with classification into a-and b-type and Q-and Rtype transitions, and ranges of J-values. The dipole components are seen to vary in ways consistent with the overall dipole direction (Section VI). Full listings of the measured line-frequencies can be obtained from the authors, and have been deposited with the Sektion für Strukturdokumentation, University of Ulm, West Germany. We summarize the results of the analysis here in Table 2 ; in this, the rotational and distortion constants for the planar molecule case (with fixed at zero) were fitted to the measurements by least squares*. The numbers in parenthesis indicate two standard errors in the last numbers quoted for each constant. For 2-13 C-imidazole, R-branch transitions were not measured, and the constants tabulated were calculated with assumption of the inertial defect to be that of the parent. The data for 1,2-dideuteroimidazole did not justify such a detailed analysis; * The computer programme ASFIP was kindly provided by Dr. P. Nösberger and Professor A. Bauder of E.T.H., Zürich [5] . only rotational constants A, B, and C were fitted for this species, and these were not used in the r 8 -structure derivation.
IV. Nuclear Quadrupole Coupling Analysis
The 14 N-nuclear quadrupole splittings for the mono-15 N-imidazoles, including the resolved triplet splittings of the lo, i<-Ooo transitions, were analysed by standard methods. The patterns for three transitions with J< 3, for each of these species, were analysed for the best overall fit of coupling constants by means of computer programme H14B *. For the more general case of the di-14 Nspecies, the fitting of the more complex patterns was carried out by means of a further Tübingen programme, ANP1, developed by Dr. H. Günther. Analyses by these methods were carried out for a total of 20 rotational transitions of five isotopic species.
The derived nuclear quadrupole coupling constants in the inertial axes are presented in Table 3 , columns a; the numbers in parenthesis are two standard errors in the last figures quoted. Although, for the parent molecule and 1-deuteroimidazole, data based on more highly resolved splittings [6] ( Table 3, an absorption cell in X-band waveguide, allow coupling constants to be compared over a wider range of principal axis directions, and, in particular, for the two mono-15 N-species in which the patterns are greatly simplified.
The data in columns a of Table 3 were first treated by taking each isotopic form in turn, in conjunction with the parent form, and the angle of rotation {cp) of the principal axes on isotopic substitution, to derive in each case the off-diagonal term % a b for the parent species. The orientation of the principal axes of each 14 N-nuclear coupling tensor with respect to the principal inertial axes of the parent may then be given in each case by stating the angles (ipi and > according to the ring positions) between the A-axis of the parent and the xprincipal axis (N at position 1) or z-principal axis (N at position 3) of the respective coupling tensors. An anti-clockwise rotation, under 90°, in going from the A-axis to the tensor axis is treated as positive. The Xab, y>i and values obtained by such means are included in Table 3 . All our data in Table  3 were then treated by a least squares fitting procedure to give the best values of the principal elements and axial orientations of both quadrupole tensors; these are given in Table 4 , where the figures in parenthesis again represent two standard errors. This fitting was facilitated by the use of a computer programme, VT23 **. ** Developed by Dr. V. Typke. Table 3 . Nuclear quadrupole coupling constants for 14 N(1) and 14 N(3) in imidazole. The angle y>i is that between the tensor »-axis at N(l) and the A-axis of the parent form; y)3 is the angle between the tensor z-axis at N(3) and the A-axis of the parent form (see text). The angle q> is that between the .4-axis of the given species and the A -axis in the parent (see Figure 1) . Figure 1 shows the orientation of the principal axes of the parent species, and of the tensor axes discussed above. The quadrupole tensor properties given in reference [6] are also listed in Table 4 (column b).
V. Internuclear Distances
The inertial defects of all isotopic species (Table 2) are in accord with a planar structure and hence the atoms can be located in the A/B plane of the parent form with use of changes in I a and lb only. The resulting a-and 6-coordinates of all atoms, with the exception of the coordinate of N(3), are given in Table 5 , where the signs follow Figure 1 . None of the coordinates is small enough to leave its sign in doubt, and only the a-coordinate of C(2) and the ö-coordinate of N(3) are less than 0.3 Ä. The acceptability of these small coordinates as derived by the simple substitution method can be checked by using the substitution positions of all atoms to compute the coordinates of the mass-centre, namely: a g = -0.0004 Ä and b g = -0.0023 Ä. The coordinate a g is very small and comparable with values found by these methods in similar structures such as pyrrole [7] and pyrazole [2] , but the b g for imidazole is too large to be attributed solely to zeropoint vibrational effects. Hence the b-coordinate of N(3) in Table 5 is the adjusted value which conforms with the position of the mass centre. The coordinates are re-expressed as a complete set of restructure parameters in the first column of Table 6 . The parameter sets designated as r* and (d) Ref. [16] , values corrected to 20 °C. The agreement between the geometry from neutron diffraction and for the gas phase extends also to the angles involving the CH and NH bonds.
r* were calculated as checks by means of the GEOM programme [8], which performs a least squares fitting of structural parameters to all the moments of inertia and to their differences. For the r*-set, moments and differences of moments were given equal weight, while for the r*-set the differences were given ten times as much weight as the moments themselves. It is seen that the r*-figures are very close to those obtained by the ordinary r smethod with adjustment of the 6-coordinate of N(3).
YI. Dipole Moment
This moment was determined in magnitude and line of action from Stark-effect measurements on the normal and 1-deutero species. Static voltages were applied to the Stark electrode, with the addition of a small 100 kHz square wave voltage sufficient to modulate the field-displaced components. The field strength was calibrated in the usual way by measurements, under the same cell conditions, of the Stark displacements of the J = 2 1 transition of OCS, for which the dipole moment was taken as 0.71521 D [9] . The measurements were made with a cell temperature of 57 °C, under conditions such that nuclear quadrupole splittings were largely unresolved. Displacements up to 20 MHz of the following components were measured with field strength up to 1200 Vcm-1 :
parent species:
For these selected components, the Stark effects were found to be accurately of second order and the displacements such that reasonably precise values of both fi a and /Ub could be obtained from combinations of the relationships between frequency displacements and the square of the field derived in the usual way by the method of Golden and Wilson [10] . The measurements did not justify consideration of fourth order effects in the Stark displacements, such as were found for pyrazole [11] , a highly oblate rotor with large dipole components in both A-and J5-axes. Such effects were not apparent. They would be expected to be less important for imidazole than for pyrazole, imidazole being considerably further from the oblate symmetric-top limit than pyrazole, so that the levels responsible for such corrections are less nearly degenerate in imidazole; the effects would also be lessened by the fact that is quite small in imidazole.
By the overall fitting of the measurements, the following information is obtained: 3.667 ± 0.05D 3.70 ± 0.10D
The components for the parent molecule show that the line of action of the dipole moment makes an angle of 10.7 (5)° with the .4-axis. The changes in dipole components on deuteration leave little doubt that the line of action of the total moment is as indicated in Figure 1 . This is consistent with the relative strengths of the a-and 6-type spectra found for the various isotopic species.
VII. Discussion

a) Structure
Figures 1 and 2 illustrate the occurrence in imidazole of the effect noted in several similar systems [1] whereby the CH bond directions lie off the bisectors of the external ring angles, towards an adjacent hetero atom. This effect is seen in the CH bonds at the 4-and 5-positions, but not greatly in that at the 2-position, which lies between two hetero atoms. The ring angle at the pyridine-type nitrogen is lower than at the carbons, as has been found in pyrazole [2] , oxazole [12] and other cases [1] , and is perhaps explained as due to greater pcharacter in the N-orbitals used for ring bonding than in the corresponding orbitals centred on carbon [13] . Figure 2 allows more detailed comparisons with the complete structures of pyrrole, pyrazole and oxazole. The ring bonds in imidazole do not differ dramatically from those in oxazole, although variations of 0.01 -0.02 Ä occur. Whereas pyrazole differs from pyrrole chiefly in the region of the N-N bond, the changes on passing from pyrrole to imidazole largely involve the three bonds from positions (2) to (5). When allowance is made for the differences in covalent radii of N and C in this comparison, the insertion of N(3) in imidazole appears to be accompanied by a shortening of the bonds N(3)-C(2) and C(4)-C(5), with a lengthening of N(3)-C(4). This suggests some lowering of aromatic character in imidazole relative to pyrrole.
The comparison in Table 6 with results of X-ray and neutron diffraction results shows that the C3N2 ring structure is largely retained on passing from the gaseous to the solid state, except that the ring bonds at N(l) are perhaps somewhat shortened and C(2)-N(3) elongated in this process. This must be an effect of hydrogen bonding, which is strongly supported by the greater length of N-H in the solid. This difference is made particularly clear by the neutron diffraction results, where the C-H distances are close to those in the gas phase, but N-H is 0.05 Ä longer.
b) Electron Distribution
The dipole moment vector in gaseous imidazole agrees closely with general expectations; for example, the magnitude and direction of the total moment is close to that obtained by combining the moment of pyrrole (taken as N-H) with that of pyridine (operating along the external ring angle bisector at position (3) in the sense ^N: +->). Such considerations leave no doubt that the sign of ju corresponds to negative charge displaced in the arrowed direction in Figure 1 .
The moment of imidazole in benzene extrapolated to infinite dilution, 3.8 D [17] also agrees very well with our results, as do theoretical calculations of the moment by O'Konski and Jost [18] . The 14 N-nuclear quadrupole coupling tensors bear considerable resemblance to those in pyrrole [19] (for position 1) and in oxazole [20] (for position 3) . The electron population analysis given for N(3) in oxazole [20] could be carried through with comparable findings in the imidazole case. Discussion of the gas-phase tensors has already been given [6] in relation to the spectra studied in higher resolution, although in this there is perhaps one aspect which requires further clarification, arising from the fact that the figures there given for N(3) in 1-deuteroimidazole (Table 3, The convincing findings of Edmonds [21] for NQR measurements on imidazole are included in Table 4 . The differences between these data and those for the gaseous state are of the expected order. For position (3), the differences in coupling constants for the gas and for the solid resemble those observed for ammonia [22] . For the pyrroletype nitrogen, however, the differences are appreciably larger. Here, the principal coupling constant for the solid, which we have assumed to remain perpendicular to the molecular plane, has only some 44% of its value in the gas phase, while the dramatic change in asymmetry parameter on solidification shows that one of the coupling constants in the molecular plane has become very small. That these changes are indeed consistent with hydrogen bonding between the N(l) of one molecule and N(3) of a second is well shown by consideration of NQR findings for 1,2-dimethylimidazole, in which no such hydrogen bonding can occur [23] . For this molecule, the coupling constant found for N(l) is -2.4084 MHz, with an asymmetry parameter of 0.199, while the constant for N(3) is -3.5267 MHz, with an asymmetry parameter of 0.102. These figures are quite close to those for gaseous imidazole. We conclude therefore that, in imidazole, the hydrogen bonding strongly influences the field gradient at the nitrogen to which the involved hydrogen is principally bonded, and only to a much lesser extent the field gradient at the nitrogen to which the hydrogen bonding is established. Table 4 also shows the results of more recent ab initio molecular orbital calculations of the nuclear quadrupole tensors in the free imidazole molecule [18, 24, 25] . Apart from the ^-values, such work also now includes computed directions of the principal tensor axes, which form a critical test of the theoretical treatment. While variations between results of different approaches are clear, there is, overall, an encouraging degree of agreement with the experimental findings.
